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Abstract

The conceptual design of the vertex detector for the Lep-
ton/Photon Collaborat.on at RHIC is described, including simu-
lations of its expected performance. The design consists of two con-
centric layers of single-sided Si strips. The expected performance
as a multiplicity Jetector and in measuring the pseudo-rapidity (n)
distribution is discussed as well as the expected vertex finding effi-
ciency and accuracy. Various options which could be used to reduce
the cost of the detector are also discussed.

1 Introduction and Design Assumptions

A vertex detector, based on silicon strips', was designed for the lepton/photon
spectrometer collaboration?. The purposes of the vertex detector were to mea-
sure the number of charged particles per unit pscudo-rapidity (dN/dy) and
their multiplicity in addition to finding the vertex. A large part of the R&D
that went into this design should be useful for any RHIC experiment.,

In order to cover the central rapidity (22 ) region, the dN/dy measurement
should cover 5 from #2 -3 to 13, The total charged particle multiplicity must
be available for the first level trigper. When the mu'tiplicity is low, an accurate
measurement. requires a detector which coversoa larpe fraction of the total solid
angle. For contral Au i A collisions at RITEC the expected® number of charped
particles in the range 3 - o 3 i around 5000, 1 the occupancy s to he kept,



to 10% or less, this implies that the detector will need at least 50K channels in
each layer.

Finally, the vertex detector must find the vertex. This should be done
approximately (to within =~ lcm) at the trigger level, with a more accurate
determination (= lmm) offline. Any vertex finding algorithm requii es several
charged particles in the detector, which is not a serious constraint for Aut+Au
collisions. However, in order to consistently find the vertex position for p4Au
and p+p collistons, where the charged particle multiplicities can be much lower,
a large fraction of the total solid angle must be covered.

2 Vertex Detector Conceptual Design

The conceptual design of the vertex detector was based on two concentric,
approximately cylindrical, barrels of single-sided 300um thick silicon strips with
100um pitch?. Fig. 1 shows schematic views. Half of the strips in each barrel
are oriented parallel to z (the beam direction) and half orthogonai to z. The
parallel and perpendicular strips are sometimes called “r-¢” and “z” strips,
respectively.

The inner and outer detectors should not move relative to one another;
details of these constraints are discussed in a later section. The detector should
be constructed from “ladders” which maintain accurate relative positioning of
the inner and outer detector wafers in each azimuthal segment. Each ladder will
be constructed from Rohacell® foam*, which is a very light (reduces multiple
scattering) but rigid foam whose coefficient of thermal expansion is close to
that of Si. Using a ladder-like structure, rather than a soli¢ piece of foam,
further reduces the mass of the support structure and permits better airflow
for cooling. Based on the expected power dissipation of the chips, preamps,
and transmitters, the assembly will be air-cooled.

The ladders fit into a graphite/epoxy mechanical structure with a small
coefficient of thermal expansion. The thermal expansion of the different pieces
of the detector must be counsidered to maintain position accuracy. A large
mismatch in the coeflicients of thermal expansion of the detector wafers and
the support structure could also result in severe damage to the detector. The
modular construction of the detector allows some azimuthal segments to be
removed if necessary.

A series of sitnulations of the detector were performed, using, a nearly real
imtic model, The model was a pair of eylinders, whereas the ®real® detectors?
have @ hoxagonal cross-aection. The “real” detector has dead areas around the
edpes ol the chips, but in the simulations, the chips are assumed to be active
even al Lheie edpes. Table T osammarizes the number of channels assnmed in

the sinndations of the vertex detector, For the chips containing steips parallel
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barrel | strip R wafer size T ¢ # of | strips/ | total

type | (mm) | (mm x mm) | segments | wafers | wafer | strips
inner I 61.1 64 x 50 3 20 640 38400
inner 1 61.1 32 x 50 3 40 480 57600
outer { 91.7 96 x 50 3 40 320 | 38400
outer 1 91.7 48 x 50 3 40 480 57600
Totals 140 192000 |

Table 1: Summary of the number of channels in the simulation of the vertex
detector. The shape is approximated by a cylinder, whose radius is given.
Pitch—=100um except parallel strips in the outer barrel, where 150um is assumed

to the beam, there are some further differences between the simulations and a
realistic design. The simulations assume 150um pitch for paralle! strips in the
outer barrel, with 100um pitch in the rest of the detector. This assumption
is convenient because it means that the parallel strips in the inner and outer
barre’ each occupy the same Ad.

The total number of channels per barrel shown in table 1 is about a factor
of two larger than the estimate in the introduction. This was necessary because
the distribution of particles along the length of the detector is not uniform, and
because single particles can hit more than one strip — a serious problem for
strips perpendicular to the beam.

The particle distributions in the simulatiors all come from Fritiof®. These
simulations were done for p+p, p+Au, and Au+Au collisions assuming
100GeV /nucleon beams. The average charged particle multiplicities from these
calculations are shown in table 2. The vertex position was assumed to always be
on the central axis of the vertex detector. The z position was varied assuming
a Gaussian distribution whose tails were cut off so that all interactions were
assumed to take place within 1£50cm of the center of the vertex detector. The
Gaussian distributions assumed® o; =20, 16, and 5.7cm, for Au| Au, p+Au,
and p+p collisions, respectively.

3 ) . -
System < F > = fraction of < Neotat >
particles which No. charged
hit detector particles

Aul Av (central) | 0.64 HROA
p1 Au (min-bias) 0.55 50
plp 0.6 21

Table 2: The averape fraction of the particles which hit both lavers of the vertex
detector and the averapge total number of charped particles produced. Based on
Fritiol® lor 100GeV /nucleon beames.



1 | 1 MBI | - 1
> 0.8 T
g X
& 06 -
L 0.4 .
t 4
W 0.2 )
0 - P U R RS '
200 300 40 - 500

microns of Si

Figure 2: Assumed efficiency as a function of um of Si traversed in a cell.

Each charged particle produced in the sirmulation was tested to see if it would
hit the vertex detector; uncharged particles were ignored. If a particle entered
the vertex detector, the program calculated which parallel and perpendicular
strips would be hit. Multiple scattering of charged particles in the inner barrel
of the vertex detector was included. To approximately account for the support
structure and electronics, the multiple scattering calculation assumed that the
inner barrel of the vertex detector was twice its real thickness. Particles were
aliow~d to hit more than one strip. When a particle hit a detector barrel, the
program calculated how much silicon a particle would pass through in each strip
of the detector. A minimum-ionizing particle (mip) will lose an average of 116
keV in 300um of Si. The result of this was an array giving the amount of Si
(approximately equivalent to the energy loss) that particles passed through in
a strip. '

The array giving the amount of Si traversed in each strip is used to generate
a pattern of “hits” in the strips. This is done using the efficiency function shown .
in fig. 2, which shows the efficiency as a function of the amount of Si traversed
in a strip. The maximum efficiency® was assumed to be 95%. A “threshold”,
corresponding to %mip (or 75pum of Si here) was assumed. A noisc level, which
was vuried from 0.1% to 0.01% was included in the efficiency function --- this
means that a strip which was not hit has a small probability (P,s.) to be “on”.
If a strip was “on” then cach of the adjacent strips were assumed to have a 10%
probabili.y to be “on” too introducing some charge sharing effects into the
simulation. This final array holds the pattern of strips that were “on” or “oll®

no analog information is used in the analysis of the events. The array was
then used as input to algorithms to find the vertex, dN/dy, and the multiplicity.

The inner baerel has o “radius” of i 6. lem, constrained by the heam
pipe rading of b oome Ty s to e measuaced oot to 3, the length of the detector
must. be VI [ tan(67) bR A leapth of 50 cm has heen chosen. he



variation in the vertex position means that for some events the coverage will
extend above (below) 7 = 3 in the forward direction with a compensating
decrease (increase) in the coverage around n = —3. The “radius” of the outer
barrel is R; = 1.5 x R; = 9.2cm.

In the following sections some discussion of the loss in performance expected
from a modified design has been included along with the discussion of the
detector described above. In these discussions, the conceptual design described
here is compared to the vertex detector described in the Tales/Sparhc Letter of
Intent?, which covers only 1/3 of the azimuthal angle with strips perpendicular
to the beam and is 64cm long instead of 100cm.

3 The problem of the angle of incidence

Particles entering the detector far from the vertex have incident angles nearly
parallel (= 7°) to the surface of the vertex detector. Consequently, a single
particle will pass through many strips if the stiips are oriented perpendicular
to the beam axis. The number of hit strips as a function of z is N,ip, =
(300um x z)/(100um x R) = 3 x z/R,

where z is the distance from the vertex and R is the radius of the barrel.
At the ends of the detector, about 25 strips are hit in the inner barrel, for
discriminator thresholds at %mip, as in E789 at Fermiiab®. This threshold
represents the highest threshold for full efficiency for normally incident particles;
Landau fluctuations allow the energy loss in 300um of Si to be as small as 1/2
of the average energy loss. If this signal is split equally between two strips,
then the signal in each will be 1/4 of the mean. Particles incident nearly
parallel to the surface would give about 1/3 of the signal (= imip) expected
from a particle at normal incidence (= 1mip). So all 25 strips could register
hits — drastically increasing the apparent occupancy. Realistically, considering
Landau fluctuations in the energy loss in a thin layer, a threshold at %mip,
compared to a signal of about -alm:'p would probably give some strips which
would be “on” and some which would be “off”. This situation would make
accurate measurements of the multiplicity and d/N/dn extremely difficult.

One solution to this problem is to turn the strips parallel to the beam di-
rection. In this case, a particle at a nearly parallel incidence angle would give
a large signal (= 10maip), essertially all in one strip. This eases the measure-
ments of dN/dy and multiplicity, but increases the dynamic range needed in
the electronies,



4 Analysis of Monte Carlo Events: Multiplic-
ity

The total multiplicity (Nioeat) and the detected multiplicity (Npmeq.) are related
via (Nmeas) = F(Neotat)s OF Neotat = Nmean/ F, where F and Nyoo are given in
table 2. The uncertainty on Ny, due to statistical luctuations® in the number
of particles in the detector is:

Ototal ~ \/T— F (l)
N!otul (Ntotal) F

Using the numbers in table 2 with eq. 1 allows the value of 6ystat/ Niotat t0 be
cstimated as 1%, 13%, and 19% for Au+-Au (central), p+Au (min-bias), and
p+p, respectively. These fluctuations in the fraction of the particles detected
set limits on the performance of the detector as an event-by-event multiplicity
detector.

The performance of the detector will introduce further uncertainties in the
multiplicity measurement. The important factors included in the simulations
which affect the multiplicity measurement are the efficiency of the individual
strips (see fig. 2), noise, the number of strips “hit” by a single particle, and
multiple hits on a single strip. However, corrections for all of these effects can
be made.

When® P,.i,. = 1073, the average number of his due to noise in the parallel
strips will be 38.4 per barrel. This is not an important correction for central
Au+Au collisions, but is significant for p+p and p+Au. In these cases, this
(pessimistic) noise level is frequently greater than the number of real hits in the
inner barrel. Therefore, it will be important to both minimize and understand
the noise in the detector.

Eq. 1 gives an estimate of the loss in performance from a reduction in the
coverage of the vertex detector. Given the large multiplicity in a central Au+ Au
collision, a sightly smaller datector would give a good measurement of the mul-
tiplicity. However, the reduced coverage of the vertex detector described in
the Tales/Sparhc letter of intent” would further degrade the already marginal
accuracy of the p+p and p+ Au multiplicity measurements. Although the solid
angle coverage of such a detector would be suflicient to measure the multiplicity
for central Auit Au collisions, its use of parallel alone strips could complicate
the measurement.

5 Analysis of Monte Carlo Events: dN/dy

The problene: associided with the dN/dy measarement are similar to those

of the multiplicity mesurement. The major additicnal ecmplication i the
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Figure 3: “Real” (histogram) and measured dN/dn distributions (circles with
error bars) for p4 p, pt Au, and Aud Au. Only the inner barrel was used to get
“measured” distributions. Paie - 3 X 10 4 was assumed for pip and pt Au.



determination of the vertex to allow calculation of the pseudo-rapidity (n =
—In(tan(£))). dN/dn measurements are generally averages for many events.
Statistical fluctuations in the average over many events are therefore less im-
portant than the event-by-event fluctuations in the total multiplicity. Conse-
quently, d N/dn measurements should be possible for p+p, p+Au, and Au+Au.

First, the vertex position must be found, this is discussed in the following
section. Next, the range of n occupied by each chip is calculated. Because the
chips with strips paralle! to the beam give more reliable information on the
number of hits, only those are used to calculate the number of hits (Np) in
each range of . Corrections for the efficiency, noise, double hits, and charge
sharing are made. The “measured” dN/dn value is the average of Ny;/An over
many events.

Fig. 3 compares the “real” and “measured” dN/dn distributions for p+p,
p+Au, and Au+Au events. The shapes of the “measured” distributicns are
always close to the “real” distributions. Since the distributions are calculated
using the vertex found by the pseudo-tracking algorithm, which does nnt always
find the correct vertex, some of the differences may be from events with an
incorrect vertex position used in the calculation.

As with the multiplicity measurements, noise complicates the dN/dn mea-
surements. The number of particles which hit each chip is much smaller near
the edges of the detector, but noise causes a constant fraction of the strips to
be “on”. This means that the signal/noise ratio is much worse (factor of ~
10) at the largest | n | values. For p+Au, even with the optimistic assumption
that Ppo, = 1074, the signal and noise will be comparable around n = +3,
resulting in larger siatistical uncertainties on the points around these n values.
This noise problem will be worse for p+p collisions where the multiplicity is
lower, but unimportant for central Au+4Au events.

6 Analysis of Monte Carlo Events: Vertex
Finding

The vertex detector must also be able to find the vertex. As an aid in under-
standing this process, figs. 4-5 show the number of hits on the vertex detector
vs. 7 for a pip event and for a Aut Au event. Hits on the paralle! strips (left
side) and perpendicular strips (right side) and on the inner barrel (top) and
outer barrel (bottotn) are shown separately. For perpendicular strips the num-
ber of clusters of adjacent hits vs. % is shown not. the raw number of hits.
The real vertex positions are marked. Dy looking at these fligures, it is clear
that the distribution of hits on the parallel strips can be used to estimate the
vertex position for Aut Au, but for pt p the small number of hits, coupled with
the noise, makes it diflicalt to find the vertex from this information alone.
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6.1 Vertex from Center of Gravity

The simpiest algorithm to find the vertex in a symmetric collision would be
to find the center of gravity (CG) of all hits. Ii is not clear how well this
should work in the asymmetric case of p+Au. However, by taking the difference
between the CG in the inner and outer barrels, if could be possible to project
towards the vertex in this case. Information from parallel strips only was used
to find the vertex from the CG, using two iterations. First, the whole hits
distribution (see the left sides of figures 4-5) was used. Then an equal number
of channels above and below this initial CG were used to improve the vertex
position measurement.

There is a statistical limit to this method. The minimum uncertainty on
the vertex position is ~(rms width)/v/N ~0.4cm for central Au+Au collisions,
which is below the vertex resolution required at the trigger level (= lcm),
but insufficient for the offline analysis (= 1mm). The actual vertex resolution
found using the CG method was 0=2.1cm for Au+Au. For p+p and p+Au,
the number of hits on the vertex detector is much smaller and the statistics do
not ellow a sufficiently accurate estimate of the vertex posivion using the CG
only, especially when random hits due to noise are included.

6.2 Vertex from Pseudo-tracking

Another method used to find the vertex is based on “pseudo-tracking.” This
method tres - all pairs ot hits in the inner and outer barrels as potential tracks
and calcula - a vertex pusition from them. The real vertex appears as the
most probab. value of the vertex position.

There are two stages in the pseudo-tracking vertex search. First, only the
parallel strips are used, obviating the need to test all pairs of hits as each parallei
strip covers a small A¢ (azimuthal angle). Particles from the central axis of the
vertex detector have the same ¢ at each barrel, except for small variations due
to multiple scattering. Kig. 6 shows a distribution of the change in the strip
number hit in the outer barrel due to multiple scattering in the inner barrel;
most particles hit the outer barrel within 12 strips of the expected porition. For
cach hit in the outer barrel, all hits in the inner barrel which are within | 2 strips
are used to caleulate a possible vertex position. ‘The top part of fig. 7 shows the
resulting, distribution of vertices for a sample Au  Au event. An estimate of the
evenl, vertex appears as i peak. The peak heipght gives the number of particles
hitting, both barrels of this hall of the detector. 'I'he backpround comes from

random pairs of hits, Limiting, the hits tested to F2 strips redaces the number
!.-ln'u 1

G ARLS
bhackpround in the histoprams shown in the upper hall ol fig. 7 by

oi pairs that must be tested by a Tactor ol This reduces the

.,“'” while oy
reducing the conntsin the peak by aboat 12" (nee fip, 6).



05 A A v T Y T T ; — ] T T Y 'F_]
7 fraction of particles vs. Ap :
0.4 . ]
S S— parallel strips ]
: , ]
0.3 . 887% within £ 2 strips E
0.2} :
0.1} :

O ! 1 1 ‘lli—]—-—}_‘—-— 1 d L

0 S 10 15
Ap Number of strips

Figure 6: Probability vs. the difference in the parallel strip in the outer barrel

which was hit and the strip that would have been hit with no multiple scattering.

All charged particles which hit both barrels are included.

Because the peak found using pscudo-tracking with parallel strips is broad,
the vertex position is estimated by taking the center of gravity of three bins
around the maximum. Because the strips are long (5¢m) in the z direction,
this method can not give very good vertex resolution. Fig. 8 shows the vertex
resolution for p+p, p+Au, and Au+Au using pseudo-tracking with parallel
strips only. For p+p and p+Au, this method gives better resolution than the
center of (CG) and is much less noise sensitive. However, pseudo-tracking with
parallel strips alone still does not give a vertex resolution for p+p which is
significantly better than the variation in the vertex pnsition itself®.

his first stage using parallel strips is used 4o estimate a vertex position.
The second stage of the vertex search uses perpendicular strips which are short
in the z direction (1002m), and determine the vertex much more accurately.
Beginning with an approximate vertex reduces the range of vertex positions to
be scarched and increases the speed of the algorithm. ‘'he second stage of the
vertex search is .imilar to the first, but as each perpendicular strip occupies
a large Adg, the aumber of pairs of hits that must be tested is about NyNy /3,
where 3 is the number of different azimuthal sepments with perpendicular strip:
and Ny and Ny are the number of hits on the perpendicalar strips in the inner
and outer barrels, respectively. For contral Au | Au events, Lhis number is large,
so the alporithm s slow. The vertex Trom the livst stape of pseudo tracking, is
usied Lo restrict the paits ol stiips which are tested; tor An i Aa, only those paits

ol strips which pomnt to a vertex poabion watlim = O of the vertex lonnd in
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the first stage of pseudo-tracking are tested. For p+p and p+ Au, this range
is expanded to 1+10cm. A histogram of vertex positions is calculated from the
pairs of hits. An example of one of these histograms is shown on the bottom
part of fig. 7. The vertex position appears as the peak in this distribution.

Fig. 9 shows the vertex resolution using both stages of pseudo-tracking.
The correct vertex is found in all events tested for certral Au+Au collisions.
For pt p and Au+Au the correct vertex is usually found. Table 3 summarizes
the cfficiency of pseudo-tracking vertex search for different assumed levels of
noise for the three systems. “Total events” and “triggers” are the total number
of Monte Carlo events and the number of those that satisfied the “trigger”
condition  at least two charged particles hitting both cylinders of the vertex
detector. T'he column labeled “% of triggers” gives the efficiency of the vertex
search algorithin — the fraction of the events for which the vertex found was
within 5mm of the true vertex. '"he last column gives the resolution of the
vertex finding algorithm based on the widths of the peaks in fig. 9. These
widths are upper limits due to the size of the bins used in the pseudo-tracking
algorithm. Especially for p+p collisions, noise has a significant effect on the
vertex finding efliciency.

system | Proise | Total | Triggers | % of o
events triggers | (mm)

[ p+p |0.0001| 2000 | 1699 91% [ <o0.4
p+p | 0.0003| 2000 1699 86% <0.4
p+p | 0.0010| 2000 1699 71% | <04

p+Au | 0.0001 [ 2000 1921 97% | <0.3
p+Au | 0.0003 | 2000 1921 94% | <0.3
p+4 Au | 0.0010 | 2000 1921 90% | <0.3

Au+Au | 0.001 150 150 100% | <0.2

Table 3: Kfliciency of pseudo-tracking vertex search vs. assumed level of noise
for p+-p, p+-Au, Au4-Au. Interaction diamond assumes o; - 5.7, 16, 20cm for
pip, ptAu, AufAu, reapectively. See text for explanation of columns,

Fig. 10 demonstrates one source of problems with the pseudo-tracking vertex
search — when the multiplicity is very low, the probability of finding the vertex
it also low and this probability gets smaller for higher noise levels, Higher noise
lovels have asignilicant effect on the vertex linding efliciency at low multiplicity
(betow =:10), but the eflicieney reaches = <100% in each case for sufliciently hipgh
multiplicity, In an ideal cane, with no noise, 100% elliciency, and no multiple
sealtering, Che alporithm would work for even one charged particle hitting hoth
layers ol the detector,

A vertex detector like the one described in the "Talesg Spache letter of intent?
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system | P | Total | Triggers | Vertex % of
events correct | Triggers

p+p |0.0003| 2000 1699 1228 2%

ptAu | 0.0003 | 2000 1921 1662 87%

Au--Au | 0.001 150 150 150 100%

‘able 4: Efficiency of pseudo-tracking vertex search for p+p, p-+Au, Au+Au
with only 2 azimuthal segments of perpendicular strips used and a length of
64cm. Interaction diamond assumes o; = 5.7,16,20cm for p {-p, p+ Au, AutAv,
respectively. Compare this to table 4, using the full detector.

which had only 2 azimuthal segments of strips perpendicular to the beam,
instead of 3, and was 64 cm long, instead of 100cm, could stil! find the vertex,
but with reduced efficiency. Table 4 shows the expected vertex finding efliciency
for this detector configuration. The efficiencies are smaller (compare to table
3), especially for p+p, but if the cost savings are large enough, the efficiency
loss may be acceptable. Some efficiency is lost when the vertex is outside the
shorter detector. However, tests with the full detector configuration show that
the pseudo-tracking algorithm can find the vertex in central Au+ Au collisions
in 94 out of 100 events even when it is 50cm outside of the detector (100cm
from the center of the detector), although the resolution falls to o = 2mn.

6.3 Vertex from the Correlation Method

The most interesting of the vertex finding methods tested here is based on
correlations between the pattern of hits on the inner and outer detectors. This
method uses a single row of chips on the inner barrel and the corresponding
coverage on the outer barrel, or 1/6th of the total circumference.

When an interaction occurs, tracks project outward from the vertex, pro-
ducing a pattern of hit atrips on the inner and outer barrel. ‘I'o first order, the
pattern on the outer barrel is equal to that on the inner barrel except that all
distances between hit strips are increased by a factor of (R23/ ;). If we take the
pattern on the outer barrel, and shrink it by a fector of 12,/182, we would be
able to take this new pattern, and slide it along the inner barrel untit there is
n perfect mateh between the hit patterns on the two barrels. We search for the
mateh by forming the correlation function between the patterns as a function ol
relative position 2. For any 2 we multiply (“and™ in hardware) the value of the
strip on the inner barrel (1 hit, 0 no hit) by the value of the overlying strip
of the outer barrel, and sum these values for all strips. For a randomly chosen
relative offiet thin sum will be small (to fiest order equal Lo Lhe mnltiplicity in
the sepment of the outer hareel tested times the occupaney of the inner barrel),
but when the patternz match, the aum will be equal to the multiplicity in Che
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ideal case. The value of z in this case Lranslates directly into the event vertex
position with a resolution equal to one strip width.

A hardware implementation to deliver this vertex position would execute
the calculation described above on each pair of inner/outer chips in paraliel.
Thus one of the 20 pairs finds the vertex, all others turn i null answers. This
algorithm works for central Au+Au events, but for the er multiplicities of
p+p and p+Au collisions, there are not enough hits per chip to reliably find
the vertex. However, offline the algorithm could be extended to use all hits in
all chips, and the method would also work for p4-Au and p +p collisions. In this
limit the algorithm’s efficiency would be similar to that of pseudo-tracking.

A series of tests were done for I} = 6cm and I, = 12cm. Using central
Au+ Au events for the ideal case where each track turns on only one strip and
ignoring multiple scattering, the algorithm finds the correct vertex in 20/20
events with a (peak)/(average background) ratio of about 3/1. Allowing each
track to turn on multiple strips due to its angle of incidence increases the ap-
parent occupancy far from the vertex, and the algorithm never finds the vertex
in this case. llowever, when clusters of contiguous hits were replaced by a sin-
gle hit, the algorithm finds the vertex in 20/20 cases again, still assuming no
multiple scattering. The peak/background ratio remained around 3/1. Includ-
ing multinle scattering spreads hits across neighboring strips, and reduces the
signal without changing the background. In this case the algorithm found the
correct vertex 17/20 times with a typical (peak)/{average background) ratio
of about-2/1. The last step was to reduce the radius of the outer barrel to
R, = 1.5R,, which matches the current detector design. Thus reduces the effect
of multiple scattering, and the correct vertex is found in 19/20 cases with a
typical (peak)/(average background) ratio slightly larger than 2. An example
of the resulting correlation function is shown in fig. 11, for 7 chips centered
on the chip over the vertex. The channel corresponding to the vertex appears
as the maximnum value. Increasing the number of adjacent channels used to
calculate the correlation function would improve the peak to background ratio.

The correlation method is much faster than the pseudo-tracking method.
However, because it requires the patterns of hits to line up exactly in the two
barrels, it is more sensitive to multiple scattering than the pseudo-tracking
method. The on-line version of the correlation method requires at foast a few
tracks going into the chip over the vertex, which does not generally happen lor
ptpand pt Au events, The ollline version of the correlation method, using, all
strips, found the correct vertex in 18/20 events for pi Au, which i similar to
the efliciency of the pseudo tracking method,



7 Alignment requirements

We have assumed that the vertex nceds to be known to better than 1mm in z.
In the plane transverse to the beam, the definition is already equal to the bearmn
vize (or ~0.45mm for Au+Au®®). Some chip placement aberrations result in
a track ending up in a strip neighboring the expected one, reducing the peak
value of the correlation function. Preventing this kind of error defines most of
the constraints on placement of the chips in 3 directions, z (along the beam
axis), R (radial), and s (circumferential, or R*d¢), plus the 3 rotations around
tuese axes. The chips lie at radii R, and R;, which are assumed to be 6 and
9 c¢m in the calculations below. The size of a chip in the z-direction (Zcp) is
taken to be 5cm, and the detector “cylinders” have a hexagonal cross-section.

The correlation method is only concerned with the relative placement of chip
pairs, one chip on the inner cylinder and the corresponding chip(s) on the outer
cylinder. Here, one example of the determination of the alignment constraints
is given. The other constraints are determined similarly and are summarized
in table 5.

Consider the displacement in R (AR) of one of the cylinders relative to
the other. When scaling the outer pattern by the nominal R,/R;, a radial
displacement would result in a pattern that is improperly scaled. A calibration
procedure could find the actual R,/R;, but the nominal ratio will presumably
be a ratio of integers, hard-wired in a fast vertex finder. In order to limit the
error such that in the worst case, a track is displaced by 1 strip (100um),

)
100um = —R—z X R, x AR (2)
This is satisfied if radial displacement of the outer chip is less than s0.3mm.

| max. error in max. error for relative

axis relative position | rotation about this axis
z (beam) 0.5mnm 0.15°
R (transverse) 0.3mm 0.1°

s (circurnference) 0.5mm 0.3° ' |

Table 5: Summary of tolerances in placement of inner/outer chip pairs relative
to cach other from correlation method

These tolerances, summarized in table b, are between inner/outer chip pairs
only. Suppose that o chip pair is joined such that they meet these tolerances.
There are Turther constraints on the positions of chips pairs relative to the
bearmn. Apain, consider one example, There o constraint in R, which leads (o

a limit of: It 10 p I
" e S T 100401,

dn !
! It Iy I, ()



The pair must be placed at a radial distance which is known better than
dR =0.8mm. This should be compared to the size of the Au+Au beam in
the transverse direction®®, oy =~0.45mm. Table 6 summarizes the constraints
on the positions of pairs of chips relative to the beam. These constraints are
not as stringent as those on the relative positions of the chips.

max. error for rotation
axis | max. error about this axis
4 5.0mm 1°
R 0.8mm 37°
s o0 4°

Table 6: Summary of tolerances on the placement of chip pairs relative to ihe
beam from correlation method, where each pair of chips are positioned relative
to each other within the tolerances given in table 5.

The correlation method of vertex finding leads to the limits given in tables
5 and 6. The pseudo-tracking method combines a hit on any of the inside
chips with a hit on any of the outer chips, which may pose limits on the rela.ive
placement of all chips simultaneously, not just in pairs. In order for this method
to work, all pairs must be able to point to the same vertex. This implies relative
placement requirements between any pairs of chips similar to those in table 5.
However, this is an offline method, and the positions of chips may be calibrated
using tracks reconstructed from other detectors. Such calibrations would work
for all aberrations except rotations around r and z. However the tolerances
imposed on these angular placements by the correlation method are much more
stringent than anything needed to define a vertex to Imm. Thus the pseudo-
tracking method imposes no further restrictions.

8 Electronics Requirements

There are several important constraints on the design of the electronics for the
vertex detector. The size and mass must be minimized to prevent space con-
flicts with other detectors and to minimize multiple scattering and production
of secondary particles. The electronics system must produce as little heal as
possible; if the power consumption can be kept to the order of =W /channel,
then forced-air cooling should be possible. 1T air cooling is not possible, a com-
plicated and potentially expensive cooling system will be required, which would
add significant mass in the vertex region. "The shaping time of the preampli
lier must allow individual beam crossings (every 22 200ns) to be distinguished.
Nince the vertex detector multiplicity s expected to form part of the fimt level
trigper, a system which moves this information “into the pipeline”™ at this rate is



needed. This time constraint, combined with the power consumption constraint
climinates most of the presently available electronics components.

There are several Si strip vertex detlectors currently being designed (for in-
stance for GEM and SDC at the SSC), and some already in operation®!°-15
As a result, some components are available. However, none of these compo-
nents can be considered completely “off-the-shelf” items. Even in those cases
where a similar component has been made before, some modifications will be
necessary. For example, the Si strip detector wafers similar to the ones needed
for this detector have been constructed by a number of vendors*®¢~?°, However,
in order to purchase them for use with this detector, a new set of masks must
be made for the appropriate strip pitch and length. Then the detectors must
be manufactured and tested. Quality control is time-consuming, but vital, as is
working closely with the vendors. A well-defined and complete set of quality-
control parameters must be agreed upon with the venor. For a project of this
scale, automated testing on a probe station will probably be necessary. A cus-
tom probe card and some of the related software would have to be p:ovided.
Our experience suggests that this process typically takes ~18 months (or more)
before all of the detector elements are in hand.

The first part of the electronics system is the connection of the detector
strip to the preamplifier. Although some work is being done to integrate the
front-end electronics and the detector strips'®?° on a single wafer, we expect to
have a separate front-end integrated-circuit chip which will be wire-bonded to
the detector strips. Here, the 100um pitch is advantageous since machines exist
for wire-bonding at this pitch. The front-end electronics chip would consist of
a preamplifier, shaper, discriminator, and latch. An LED-based optical fiber
readout system, for high speed (=100MHz) and low local power consumption
will probably be used. In order to simplify the mechanical design, the electronics
packages would be supported on the Si detector chips.

The simulations have shown that it is possible to satisfy all of the vertex
detector’s design criteria without using ADC’s on the individual strips. This
would siraplify the system and reduce the volume of data produced. However,
a single analog output for each detector chip wculd be useful for triggering.
Due to the aagle of incidence problems, a simple sum of the analog signals from
cach chip would not give the multiplicity without first determining the ve: tex
position. For a multiplicity to be used in the trigger, a sum of discriminator
outputs from the strips parallel to the beam (where = 1 strip per particle would
be “hit") is needed. A sum of the analog signals from all strips on a chip might
be useful; if dN/dn is constant over the length of the vertex detector (based
on Fritiof calculation, this is true at the 2215% level see fig. 3), then the
total enerpy loss in cach detector would be proportional to dN/dy independent.
of the 2 position relative to the vertex, This s similar to an observation in
‘.2|

the Oasis Letter of Intent?' although that vertex detector peometry was much



Table 7: Sclected sotrces of front-end electronics for Sistrips vertex detectors,
The last two columns gives the approximate peaking time and power dissipation.

4

Source Description Available Where Approx. | Power
now? used peaking use
or to time | (mW/
be used (ns) chan)
FNALS:10 bipolar Yes E789 10 >50
LBI 1134 SVX-D: shaper, Yes CDF 2700 ~1-2
disc.,latch., (SVX-I)
digital circuits,
Some rad. damage
problems
FNAL/ R&D: CMOS Yes* BVX(Do), | =200
ORNL? preamp, shaper RHIC?
prototype (now),
more later
LBL? SVX-H: rad. Yes® CDF ~500 | =s1-27
hard CMOS, (svx-1),
shaper,disc., L3
latch,digital
circuits
LBL? CMOS preamp, No SDC 15?
shaper,disc,latch,
analog sum?,
no buffering
Santa No SDC
Cruz®
Ikeda!® | R&D: combined Si Yes” SDC 7
strip detectors
& front-end
SDI%° R&D: BiCMOS No

combined Sj
strip detectors

& front-end

indicates that only prototypes are available.




different. This quantity could also be useful in triggering. Knowing dN/dn
implies knowledge of the multiplicity only if the vertex position is known — so
if the multiplicity is needed for the first level trigger, the need for parallel strips
remains.

More work is needed to design, manufacture, and test suitable front-end
electronics components. Some work on this subject has been reported at this
conference?*®. This important work should lead to front-end electronics sys-
tems which ar: fast enough and have low enough power consumption. A sum-
mary of selected electronics systems for Si rivip detector appears in table 6.
None of the currently available components satisfies the combined power dissi-
pation and speed limitations for this detector. In addition, it is crucial to inte-
grate the components into a system as soon as possible. It would be unwise to
start construction of an expensive and complex detector system without careful
tests of all of the components together. Some of this integration work is already
being done by the P2 group in Los Alamos. Prototype CMOS preamplifiers®®
have been acquired and will be combtined with an OPAL-type strip detector!?,
using a lucally developed hybrid circuit. Tests of this system will take place in
carly 1992, with tests of other systems?® following shortly.

The clectronics development can take place using either CMOS or bipolar
processes. CMOS circuits are casier and cheaper to develop, but are not suitable
for long strips, which have large capacitance — this is not a limitation in the
current design, but could be for othcr designs. It will be easier to develop
circuits with less than 100um pitch using a bipolar process than with CMOS
— but the current design assuines 100um — eliminating this advantage. In
general, bipolar circuits use less power for the same performance as CMOS.

The radiation damage Lo a cylindrical vertex detector caused by charged
particles from the primary reaction can be estimated' by assuming that dN/dy
is constant over the length of the vertex detector. Assume that a “RHIC year”
is 107sec long at a Luminosity?” of 2 x 10¥%em~2sec™! with o4, = 6.13b. For
central Au+-Au collisions assume that dN/dn for charged particles is constant
at 2800 in the central region (sce fig. 3). For tninimum-bias Au {-Au events this
wotld be reduced to ~200. With these assumptions, the radiation damage per
“RHIC year” can be estimated:

Dose 125Gy [year (4)
time I '

where It is the radius of the eylinder imoem and 16y 10ORad. ‘T'his is o
factor of 223000 less than at the SSCand should not eanse a serious problem
il radiation hard electronies are used. For example, tests with the CDIPSV N
detector ) without radiation hard electromes, showed a doubling, of the ele
tronic noise for a dose ol 2000ad. ARG, & dose of 350Rad per “RHTC

year” would he expected L below Chis i, Therefore, radiation dagmape



should not be a problem at RHIC. Neutral particles and the presence of a mag-
netic field around the vertex could increase this dose, but the estimate suggests
that it will not be important.

9 Conclusions

The simulations show that a vertex detector like the one described here will be
able to measure the charged particle multiplicity except for very low multiplicity
cvents, where statistical effects in the sampling of the distribution limit the
mecasurement. The detector will be able to measure dN/dn in all cases studied
as long as the noise is understood. The noise will be an important factor in the
multiplicity and dN/dn measurements for p+p and p+-Au.

Cn-line vertex finding with high eificiency is possible using the correlation
method for central Au+Au events. Offline, the pseudo-tracking method should
have =100% efficiency in this case. The correlation method can not determine
the vertex on-line for p+Au or p4-p because the multiplicities are too low but
the pseudo-tracking method finds the vertex in 90% or more of the p+Au events
and 70% or more of the p+p events. The pseudo-tracking method breaks down
for charged particle multiplicity less than =10, and is affected by the noise in
the detector.

A vertex detector with reduced coverage’ would make the already marginal
measurement of the multiplicity in p4-p and p+Au worse, but a trigger-level
multiplicity may not be needed for these collisions. For an easily interpretable
multiplicity measurement, at least one segment of strips parallel to the beain
should remain in the system, as the angle of incidence of the particle makes it
difficult to extract meaningful multiplicities (or dN/dn) from tke perpendicular
strips. The last 14% in vertex finding efficiency that comes with the more
complete vertex detector for p-+4p and 8% for p4-Au (compare tables 3 and 4)
may not be worth the extra cost of an extra azimuthal segment. IHowever, it is
the n coverage out to = 13 and the correlation method for finding the vertex
which constrain the length of the detector. Reducing the length of the detector
will make the correlation method fail more often, eliminating the possibility of
a high-resolution high-efliciency on-line vertex reconstruction. For comparison,
i 100cm long detector covers 97.7% and a | 32c¢m detector covers B5.4% of the
Au i Au interaction dinmond. 1T the inclliciency at the ends is acceptable, a
shorter length for the azimuthal sepments with perpendicular strips could he
used, For 100cm long, azimuthal sepments with parallel steips, the g coverage
s maintained,

Another potentially valuable feature ol the parallel strips s finding, the vy
tex position in Lhe transverse direction. The transverse size of the beam shonld
be very small (0 0 Amm™” lor Au g Au), but the ability to measure the heam



position in the transverse direction could he aviromaly nsaful in the alignment
of the detector.

There are still some problems with the vertex detector that require further
study. Thermal expansion and contraction of the detector (and its support
structure) are important and related to the power dissipation by the electronics.
These effects are being studied and will constrain the electronics design. A
study of electronics components with low power dissipation is underway. Some
sample detectors and electronic components have been acquired and are in the
process of being tested as a system.
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